Mice were inoculated with herpes simplex virus (HSV) type 1 in the skin of the neck. The extent of primary and latent infection in the second and third cervical ganglia was investigated. Immunoperoxidase staining of ganglia during primary infection demonstrated HSV antigens initially in a restricted area of the ganglion. By the 5th day after infection, antigen was more widespread. Such a change in the staining pattern is explicable in terms of the zosteriform spread of virus from neurons innervating the site of infection to others supplying other areas of the dermatome. A maximum of approximately 10 ~ of neurons became infected. By the 7th day staining was limited to a few cells. During latent infection, enzymic disaggregation of ganglia followed by immunoperoxidase staining or infectious centre assay indicated that virus reactivation began within 30 h of removal of ganglia and occurred in approximately 19/0 of viable neurons.
INTRODUCTION
The presence of latent herpes simplex virus (HSV) DNA in sensory ganglia can be demonstrated by removal and organ culture of such ganglia, whereupon the virus reactivates. However, the efficiency of the method may be low and the extent of the infection cannot be established. Even in primary disease, techniques to ascertain the number of infected cells are rarely used. Nevertheless, the routine use of more precise methods to determine the number of infected cells would be of value, particularly for assessing the efficacy of anti-herpetic drugs and in studying the immunological control of the disease.
Two previous studies have addressed the problem of quantifying latent infection in the mouse using the techniques of enzymic disaggregation of ganglia and infectious centre assay (Walz et al., 1976; Kennedy et al., 1983) . However, cells from several ganglia were pooled in both these studies so that it was impossible to demonstrate the variation in severity of infection between ganglia. The aim of the present investigation was to assess the suitability of enzymic disaggregation and culture of individual ganglia for quantifying infection and to determine the number of infected cells, using individual ganglia where possible, during primary and latent infection.
METHODS

Mice.
Female outbred Swiss white mice, aged 8 weeks unless otherwise stated, were anaesthetized with sodium pentobarbitone and inoculated with 105 p.f.u, of HSV-1 strain SC16 (Hill et al., 1975) by scarification of the skin of the ventral surface of the neck. The area involved was approximately 10 x 7 mm of the second and third cervical dermatomes, extending 5 mm either side of the mid-line. Mice were killed by injection of sodium pentobarbitone. For study of latent infection they were kept for at least 4 weeks after inoculation.
Disaggregation of ganglia. The second and third cervical ganglia were removed, incubated either individually or in pairs from one side of one mouse or in groups of four all from one mouse in 0.1 ml 0.25~ (w/v) collagenase (Worthington, type CLS) for 2 to 2.5 h. They were washed in warm phosphate-buffered saline and disaggregated by repeated trituration using a pipette with a plastic tip in 0.4 m~ CMRL 1066 medium containing 50~ foetal calf serum (FCS), or 0.3 ml for infectious centre assays.
Immunoperoxidase staining of ganglia. During primary infection both disaggregated and sectioned ganglia were examined for HSV antigens by the peroxidase-anti-peroxidase (PAP) staining method. Pairs or groups of four ganglia were removed and disaggregated as already described. They were cultured in chambers (8.9 x 8.9 ram) coated with poly-L-lysine attached to tissue culture slides (Miles Scientific) for 4 h at 36 °C in a humidified atmosphere containing 5~ COy They were then fixed in Bouin's solution and stained. Normal swine serum, a polyclonaI rabbit antiserum to HSV-1, swine antiserum to rabbit immunoglobulins and horseradish peroxidaserabbit anti-horseradish peroxidase complex were obtained from Dakopatts. The approximate number of antigenexpressing cells in each sample was estimated. Ganglia for sectioning were removed, fixed with Bouin's solution and embedded in paraffin wax. Serial 6 ~m sections were stained by the PAP method.
During the latent infection PAP staining was performed on disaggregated ganglia. Ganglia were removed, dissociated in pairs or in groups of four and cultured as described above either in 8.9 x 8-9 mm chambers or on 13 mm coverslips in 15 mm tissue culture wells. Staining was begun approximately 5, 30 or 54 h after the death of the mice. The number of isolated stained cells or foci of infection was counted. In order to determine the proportion of neurons showing virus reactivation, the total number of neurons was estimated by counting the number (identified by morphology) on 5~ of the well area at x 200 magnification and multiplying by 20.
Isolation of infectious virus from ganglia of latently infected mice.
To test for spontaneous reactivation in vivo, the second and third cervical ganglia were removed from both sides of each mouse, homogenized immediately, each in 0-2 ml maintenance medium (Hill et al., 1975) , and subjected to three cycles of freezing and thawing to ensure lysis of all cells. The suspension was put on to Vero cell monolayers in 25 cm 2 plastic flasks (Sterilin), overlaid with maintenance medium and observed daily for 7 days for c.p.e.
Detection of latent infection by culture of whole ganglia. The second and third cervical ganglia were removed and cultured separately for 4 days in growth medium (Hill et al., 1975) . They were then homogenized, put on to Vero cells in 25 cm 2 plastic flasks and observed daily for 7 days for c.p.e.
Isolation of virus during latent infection by culture of disaggregated ganglia.
The second and third cervical ganglia were removed and disaggregated separately as described previously. Cells and medium (0.4 ml) were transferred to 15 mm diameter tissue culture wells (Nunc) coated with poly-L-lysine and incubated at 36 °C in a humidified atmosphere containing 5 ~ CO2. From each well 0.1 ml of medium was assayed daily for virus on duplicate wells of. Veto cell cultures in multiwell trays (Sterilin). Withdrawn medium was replaced with fresh medium. Medium was changed to contain 20~ FCS after sampling on the 1st day.
Assessment of number and viability of neurons in culture.
Neurons were identified by their characteristic morphology. In early experiments the number of dye-excluding neurons was counted daily for the first 5 days of culture after 10 min exposure to trypan blue dye. Thereafter, morphological criteria were used to estimate viability, since the addition of dye to the culture medium was undesirable (dye-excluding neurons usually possessed a smooth rounded outline and clear cytoplasm, whereas dye-admitting neurons possessed a granular cytoplasm and an irregular membrane). The number of neurons was counted in 12 microscope fields at × 60 magnification (8 ~ of well area) on the 3rd day of culture.
Infectious centre assay. Ganglia were disaggregated individually as previously described. The cell suspension was put in approximately equal volumes on to each of two tissue culture wells containing barely confluent Veto ceils. Approximately 1 h was allowed for ganglion cells to adhere to the Vero cells at 36 °C in a humidified atmosphere containing 5~ CO2. Cells were then overlaid with CMRL 1066 medium containing 0.75~ (w/v) methyl cellulose and incubated for a further 5 days. They were then fixed and stained and plaques were counted.
Estimation of the number of neurons in whole cervical ganglia. Eight-~m wax serial sections of the second or third cervical ganglia were subjected to a 'port-wine' staining procedure using haematoxylin and eosin (Lawson, 1979) , which renders nucleoli clearly visible. Neurons possessing visible nucleoli were counted on alternate sections and the number was doubled to obtain an estimate of the total number of neurons in the ganglion.
RESULTS
HS V antigens during primary infection
Ganglia were sectioned or disaggregated and stained by the PAP method. No antigens were detected until the 2nd day after inoculation and then only in one neuron in one of three sectioned ganglia (Table 1 and Fig. 1 a) . By the 3rd day, virus antigen was present in satellite cells and in 2 ~ of neurons, though in a restricted area of the ganglion, and in Schwann cells in the associated nerve ( Fig. 1 b) . On the 5th day the number of stained neuron cell bodies was maximal (about 10 ~ of the total) and their distribution was more widespread within the ganglion than on day 3 ( Fig. 1 c) , staining being evident on all sections containing neurons. Staining was absent from sections in which normal rabbit serum was substituted for the primary antiserum ( Fig. 1 d) . In both sectioned and disaggregated ganglia, satellite cells often exhibited staining whereas figures below in parentheses denote number of ganglia yielding virus by the last day of culture. The yield of virus on day 5 using the dissociation method was compared with the yield of virus on day 4 using the whole ganglion method, since only virus in medium was measured in the former whereas virus in both medium and ceils was measured in the latter.
:~ Days in culture. Fig. 1 c and 2a) . On the 6th and 7th days the number of stained cells had declined markedly; on day 6 in sectioned ganglia only neurons were stained (0.2~ of the total) and staining was paler. No estimates were made of the percentage of neurons infected in disaggregated ganglia since it was possible that cells expressing antigen were more susceptible to destruction during the preparation process than were healthy cells. Moreover, it was impossible to distinguish and enumerate infected neurons since many stained cells exhibited abnormal morphology. However, estimates of the total numbers of infected cells in pairs of ganglia were made (Table 1) .
Incidence of spontaneous reactivation in vivo during latent infection
This was investigated because a high level of such background reactivation might have led to overestimation of the number of infected cells. Spontaneous reactivation was detected in six of 192 ganglia (3~) and varied from 0 to 9~ in the five batches of mice tested. There was no correlation between the incidence of spontaneous reactivation and age of mice at inoculation or the time elapsed since inoculation. The amount of virus detected in each ganglion was extremely small, consisting in each case of 1 or 2 p.f.u.
Characteristics of disaggregated ganglion cultures from latently infected mice
Individual disaggregated ganglia from latently infected mice contained a high proportion (83 ~) of dye-excluding neurons which adhered within minutes to the substratum. Neurites were first observed 24 h after dissociation. Fibroblasts and Schwann cells began to proliferate after about 2 days. A marked loss of neurons occurred during the first 24 to 48 h and thereafter there was little further loss up to 6 days after dissociation. The mean number of viable neurons in 32 latently infected cultures on day 3 after dissociation was 700 per ganglion, approximately half the total number present and approximately 25 ~ of the number (3000) estimated to be present in the intact ganglion. Calculation of the proportion of infected neurons from results of infectious centre assays was based on these estimates of viable neurons.
Isolation of virus from disaggregated ganglia of latently infected mice
The medium of cultures was sampled daily for virus (Table 2) . Virus was occasionally found on the 1st day after dissociation (4 p.f.u, per culture in each case). From the 2nd day onwards the incidence and titre of virus rose rapidly, reaching a mean incidence of 81 ~ of ganglia by day 5 (after which it increased little; Table 3 ) and a maximum mean titre of 4.0 x 105 p.f.u, per culture on day 7 after dissociation. Viral c.p.e., characterized by rounding, swelling and detachment of cells, was usually evident 2 days after virus was first detected and rapidly spread to destroy the whole culture.
Comparison of the dissociation method with whole ganglion culture for detecting latent infection
The efficiency at which latent infection was detected from dissociated ganglia was compared with that using the more conventional method of culturing whole ganglia for 4 days followed by homogenization. For each comparison mice from the same batch were used. After 4 days of culture the incidence of latent infection in individual ganglia was as high with dissociated ganglia (67/88, 76~) as with whole ganglia (124/164, 76~) ( Table 3 ). The incidence of virus isolation from dissociated ganglia on the 5th day, when intracellular virus present on day 4 would have had time to reach the culture medium, had risen to 72/88 (81~o). Thus the dissociation technique was sufficiently reliable to be used to assess the number of infected cells.
HSV antigens in disaggregated ganglia from latently infected mice
Ganglia were disaggregated immediately after removal from mice. PAP staining was performed approximately 5, 30 and 54 h after excision of the ganglion. At later times viral c.p.e. was too extensive to allow primary plaques to be identified reliably. Since up to 50~ of cells present in the cultures were lost during the staining procedure, two or four ganglia were pooled in each sample to achieve a reasonable cell density (Table 4) Age of mice (weeks)* t R, right; L, left; C2, second cervical ganglion; C3, third cervical ganglion. :~ Percentage of neurons exhibiting virus reactivation based on estimates of 700 viable neurons per ganglion and assuming that reactivation occurred only in neurons.
staining. However, 30 h after removal of ganglia, isolated neurons were heavily stained (Fig. 2b) and staining had also spread to surrounding support cells to produce small plaques (Fig. 2c) . After 54 h, larger plaques were observed (Fig. 2d) , although solitary stained neurons were also present. Reactivation was observed in both small and large neurons. During these early stages of culture, solitary stained cells always had the morphology of neurons. In samples stained after 54 h in experiment 1 (Table 4) , reactivation had occurred in 0-2 to 0.3 9/oo of neurons.
Quantification of latent infection by infectious centre assay
The number of ganglia exhibiting virus reactivation by infectious centre assay was compared with the number showing reactivation in the above experiments (i.e. experiments 1 to 5 in Tables 2 and 3) . Results from two infectious centre assays in which the incidence of reactivation was comparable to that in the above cultures are shown in Table 5 . The addition of methyl cellulose to the medium did not affect the viability of neurons. No difference was observed between the numbers of infectious centres arising from the second as opposed to the third cervical ganglion. The incidence of latent infection and the number of latently infected cells were similar in mice infected at the ages of 4 and 8 weeks. s.M. NICHOLLS AND W. A. BLYTH DISCUSSION The occurrence of productive HSV infection in the nervous system during primary disease in animal models has been known for many years. Though titres of virus from ganglia have frequently been measured there have been few attempts to determine the number of cells infected by virus. Development of sensitive histochemical methods to demonstrate virus antigen has permitted such studies, and results shown here parallel previous assays of infectious virus from ganglia (Blyth et al., 1984) . In the present work, infectious virus was first detected on the 2nd day after infection in 17/24 ganglia (70 ~). The finding of only one cell (a neuron) expressing virus antigen from three ganglia examined histologically accords with the low titres found (data not shown). Thereafter virus titres and the number of antigen-bearing ceils increase rapidly; it is not known how much of the increase is due to spread of infection from within the ganglion as opposed to supply of virus from the skin, which probably continues for at least 4 days (Blyth et al., 1984) . The histological findings agree with those of Itoyama et al. (1984) , who studied the spread of virus in trigeminal ganglia after inoculation of mice in the cornea. The cell bodies innervating a particular peripheral area are grouped together within the ganglion (Furstman et al., 1975; Stoekel et al., 1975) , which explains the presence of cells expressing antigen in only a restricted part of the ganglion 3 days after inoculation. The wider distribution of stained cells seen on the 5th day has been attributed by Itoyama et al. (1984) to extracellular spread of virus within the ganglion. However, the structure of the ganglion would tend to inhibit such spread. A different explanation is that spread results from transport of virus into the dorsal root, where it migrates into neighbouring ceils and thence is transported back to the ganglion (Goodpasture & Teague, 1923; Blyth et al., 1984) .
On the 6th and 7th days fewer cells expressed antigen and the staining was generally less intense. The explanation of Itoyama et al. that decreased intensity of staining resulted from transition of the infection in individual cells to a latent phase is unlikely, since productively infected cells are probably not those which harbour latent infection (Openshaw et al., 1981 ; Hill, 1985) . This interpretation could be tested by time course experiments using monoclonal antibodies directed against antigens expressed early and late during the virus replication cycle.
Results using disaggregated ganglion cultures were similar to those using histological sections in that cells expressing antigen were found by day 3 after inoculation and were still present, albeit in decreased numbers, on day 7. This suggests that losses of productively infected cells during the disaggregation or staining procedure do not make the disaggregation method significantly less sensitive than histological sections for detecting infected cells in primary disease.
It is well known that reactivation can occur spontaneously in latently infected ganglia in vivo in the mouse (Stevens et al., 1975; Harbour et al., 1983) . The finding of such virus in six of 192 ganglia (3~) agrees with the incidence reported previously . The minute amount detected (l or 2 p.f.u.) suggests that virus present as a result of such reactivation did not significantly increase estimates of the number of latently infected cells.
In disaggregated ganglia from latently infected mice the finding that isolated cells expressing virus antigen always had the morphology of neurons suggests that reactivation was occurring only in these ceils. The extensive spread of infection by the 3rd day after dissociation limited the assessment of the number of reactivation events to those occurring by about 54 h after removal of ganglia. The presence of solitary stained neurons at this time indicated that reactivation was still taking place; thus estimates of the number of reactivation events (in 0.2 to 0.3 ~ of neurons) were lower than those made by infectious centre assay. These findings are largely in agreement with those of Kennedy et al. (1983) except that, by immunofluorescence, these authors did not detect HSV antigen expression until the 3rd day after dissociation.
Both PAP staining of dissociated latently infected ganglia and infectious centre assays indicated that the number of neurons in which virus reactivated was far lower than the number expressing antigen during primary infection. 
